Abstract-A fluid switch is proposed for a frequency-agile Vivaldi antenna whose operating frequency band can be switched between two selected bands. A study of various ionized solutions of different concentrations is performed. A 2 mol KCl solution is selected as the fluid for the switch because of its relatively good properties in conductivity, relative permittivity, and loss tangent. The fluid-switched reconfigurable Vivaldi antenna can function well between two user-defined operating bands: 3.2 and 4.5 GHz with stable measured gain of 11 dBi in both bands and an isolation of 15 dB. This reconfigurable antenna demonstrates that a lowcost fluid switch may be an alternative device for reconfigurable antenna designs providing more flexibility.
I. INTRODUCTION
T HE present trend to integrate several capabilities in a single wireless communication device is driving new research on frequency-reconfigurable antennas. Moreover, cognitive and software-defined radio systems demand higher antenna capabilities in terms of adaptation to changing environments. To address these new challenges, wireless communication systems are required to be cognitive and adaptable [1] . Multiband antennas are not suitable in ultra wideband systems as they cannot dynamically allocate the operating frequency bands while rejecting undesired bands for interference reduction. Frequency-reconfigurable antennas provide good out-ofband rejection while relaxing the requirements on the front-end filters or even suppressing the need for those filters [2] .
Most reconfigurable antennas usually operate on a narrow frequency range, which does not preserve the required radiation characteristics over a wide spectrum [3] , [4] . In this letter, a coplanar Vivaldi antenna is taken as the basis for the proposed reconfigurable antenna. Since it is a traveling-wave wideband antenna, it can maintain its radiation characteristics in a wide frequency range. The challenge is to reconfigure the Vivaldi Manuscript received August 8, 2017 ; revised September 11, 2017 antennas to operate in the desirable operating frequency bands on demand. Furthermore, frequency-reconfigurable antennas using RF switches can only provide limited capability in frequency tuning. Some of the RF switches are lossy, and the biasing circuits could be complicated and affect antenna performance significantly [5] . High-performance RF switches that can operate in the GHz frequency ranges could be expensive [6] . Other lowperforming RF switches, such as [7] , have lower cost but present soldering challenges and introduce higher insertion losses. In this letter, an alternative method is proposed by introducing a fluid switch. Besides, ionized solutions can be beneficial because of their durability, ease to conform into desired shapes, and high-power handling capability when compared to other RF switches technology [8] . The main concerns for using fluids in antennas is the risk of leakage and their high freezing points. Therefore, creative designs are required, and the use of a threedimensional (3-D) printing technology is proposed to fabricate the fluid switch for attaching it securely onto an antenna. In consideration of the freezing point of common alcohol (for example, the freezing point of ethanol is −114.1
• C), the high freezing point problem of ionized water can be resolved by addition of small amount of alcohol into the ionized water, which will not change the dielectric properties of the ionized water significantly and reduce the freezing point of ionized water to operational temperature.
A micro peristaltic pump may not be the smallest and introduces some complexity to the design, but it is not comparable to the complexity introduced by the biasing lines for RF switches. The effect of the biasing lines to the antenna is much higher as they need to be close to the propagating and radiating parts, while the micropump could be located in a distance away. Moreover, the coupling effects presented by ionized water in the rubber tube to the radiator are less significant compared to electrical signals.
In RF fluid research, the most popular fluid antenna systems use fluids like EGaIn [9] or Galinstan [10] . However, these materials react when in contact with many conventional metals such as Al, Ni, and Pt at room temperature [11] . Furthermore, these are expensive materials that are not suitable for low-cost systems. In the case of ionized water, NaCl was commonly used [12] , [13] , as it is abundantly available. In [14] , KCl is proposed for the first time for fluid antennas achieving good matching and an efficiency of 70% at 2.75 GHz.
This letter aims to address the high design requirement of RF switches by the mean of conductive fluid components to switch the operating bands of a reconfigurable Vivaldi antenna. A reconfigurable Vivaldi antenna is taken as the basis of the design. A fluid switch is a good alternative to a conventional RF switch as it can form a contact at room temperature without the need of soldering and it can adapt to any shape while suppressing coupling when the fluid is drained. 
II. ANTENNA GEOMETRY AND DESIGN
The proposed antenna is designed on a single microwave substrate, as shown in Fig. 1 . The design parameters are described in Table I . The dielectric substrate used is Taconic RF-43 with thickness 0.762 mm with a relative permittivity of 4.3. The top layer presents a microstrip feed line ending with an open-circuited stub. The microstrip line couples the signal to the back-slot. The stub-to-slot intersection is highligthed in red in the Top Layer in Fig. 1 , and it is formed by two parts: microstrip open-circuited stub and the slot line. Frequency tuning is achieved by changing the effective length of the slot. This effect can be achieved by using either a physical conductive connection or a biased RF switch at the operating frequency. In this letter, a low-cost 3-D-printed case enclosing the ionized water is introduced in the slot to produce an alternative conductive path for the high-frequency band operation. The position of the fluid switch in the slot determines the effective length of the slot, thus controlling the operating frequency in high-band mode. A peristaltic pump controlled by a Raspberry Pi 2 and a motor driver was used to regulate the fluid flow in the system.
A fluid switch with KCl solution is introduced at the back-slot position indicated in Fig. 1 . There are no biasing lines or metallic contacts near the radiating part that will generate disturbances in the antenna performance. The fluid switch is designed to be 3-D-printed using a Formlabs Form1+ printer and then bonded to the antenna at the optimized position for the RF short circuit to tune the operating frequency.
When the conductive fluid is introduced in the switch, it creates a connection at the selected point in the back-slot, which shortens the current path to produce a higher operating frequency band. To operate in the lower band, the fluid is drained from the switch through the drainage, allowing the electric surface current to use the full length of the back-slot.
A coplanar Vivaldi antenna is required to cover the whole operating frequency bands of interest, and it is designed by following the equations presented in [15] . Fig. 2 shows the fluid switch created to enclose the ionized water in a cavity for direct contact with the surface of the backslot in the reconfigurable Vivaldi antenna. The fluid switch is created in CST Microwave Studio introducing the measured permittivity characteristics of the resin used for 3-D printing for higher accuracy of the simulated results. The dimensions of the switch are presented in Table II .
III. EXPERIMENT TO MEASURE IONIZED SOLUTIONS AND CONCENTRATIONS
To determine the best ionized solution for our purposes, an experiment was set up to measure the dielectric properties of the ionized solutions of different concentrations using an Agilent 85070E Dielectric Probe Kit. NaCl and KCl provide some of the ions most responsible for salinity in seawater [16] . They are chosen because they are nontoxic, noncorrosive, and soluble in water, and they can be more conductive when compared to pure water.
The characteristics of eight different solutions of various NaCl and KCl concentrations have been measured: 0.1, 0.5, and 2 mol of NaCl and KCl are dissolved in deionized water. The molecular weight of NaCl and KCl is used to obtain the required weight of NaCl and KCl needed to achieve different concentration of ionized solutions, as illustrated in Table III. Although it is well known that the conductivity of the ionized solution will vary with the temperature, the aim of this letter is to demonstrate the potential of ionized fluid switches, therefore the ionized solutions are measured at a temperature of 20
• C. Furthermore, the permittivity and conductivity fluctuations due to temperature when operating this switch in a different regular environment can be compensated by adjusting the volume of the fluid in the container. The permittivity for different concentrations is measured from 500 to 8.5 GHz, which decreases with the concentration of ionized solution in water. The conductivity is extracted from the permittivity measurements following [17] , as shown in Fig. 3 .
The measured conductivity of ionized fluid for different concentrations is imported into a commercial full-wave electromagnetic simulation software, CST Microwave Studio, to get more accurate simulation results.
IV. ANTENNA SIMULATION

A. Antenna Efficiency Analysis
In this section, the simulated efficiency of the fluid-switched Vivaldi antenna operating in the high-band mode is analyzed as the efficiency in low-band mode is less affected. Four samples of ionized water are selected because they present the maximum, minimum, and halfway between maximum and minimum conductivities shown in Fig. 3 . Fig. 4 presents the simulated total efficiency of the antenna with the four selected sampled ionized water filled in the switch. In high-band mode, the operating band starts at 3.3 GHz. All models present very low efficiency at the beginning of the band up until the operating frequency is 3.75 GHz. The highest efficiency in the operating band is provided by 2 mol KCl solution with up to 87% and the lowest efficiency by 0.1 mol KCl solution as expected, which is about 6% lower. The impact on the antenna efficiency caused by the conductivity of the fluid in this proposed design is very low. Therefore, the proposed ionized water switch could be used for reconfigurable antenna design with good performances. The 2 mol KCl solution is selected for the fluid-switched Vivaldi antenna because it presents the best dielectric properties for the design.
B. Analysis of Surface Current Distributions
The current distributions for different operating bands are analyzed in this section. The operating frequency of the low band is 3.2 GHz, and the operating frequency of the high band is 4.5 GHz.
For low-band operation, the ionized water in the switch is drained, thus the two edges of the antenna at that point are not connected by the fluid switch. The low band operates at 3.2 GHz, that is, when the back-slot length is equal to 3λ 0 /4, as shown in Fig. 5(a) . In low-band operation, at the operating frequency of 4.5 GHz, the distance from the end of the slot to the stub-to-slot intersection is calculated to be one wavelength (λ 0 ) so that the signal is not propagating to the antenna wide end, as shown in Fig. 5(b) . Such technique can improve the isolation of the two bands.
In high-band operation, the fluid is pumped in the switch, thus the back-slot presents an effective shorter length. Fig. 5(d) illustrates the current distribution at 4.5 GHz. The new effective length of the slot is 3λ 0 /4 at the high-band operating frequency. At 3.2 GHz, the length of the back-slot is calculated to be half-wavelength (λ 0 /2), so that no signal will be coupled to the exponential flare of the antenna. Therefore, in Fig. 5(c) , no signal propagates to the wide end of the Vivaldi antenna.
V. ANTENNA VERIFICATION Fig. 6(a) shows the bottom layer with exponential flare of the fluid-switched reconfigurable Vivaldi antenna prototype, and Fig. 6(b) shows a picture of the top layer with the microstrip feedline. The fluid switch is located on top of the back-slot at the bottom layer. The switch was connected to a micro peristaltic pump controlled by a Rasberry Pi 2 for electronically tuning the operating frequency of the antenna. Fig. 7(a) shows a comparison between the measured reflection coefficient (solid lines) and the simulated reflection coefficient (dashed lines). In low-band mode, the antenna performance at the higher band is affected by the fluid switch. The measured bands agree well with the simulated bands, although there are some discrepancies at higher frequencies that can be caused by the limitations of the anechoic chamber and fabrication inaccuracies.
The measured gain is compared to the simulated realized gain in Fig. 7(b) . The maximum gain is stable inside the band, and the measured rejected bands are in good agreement with the simulated bands. In low-band mode, another band appears in higher frequencies because of the introduction of the fluid switch. However, the frequencies of interest in both modes are highly isolated. The low-band mode results agree better than in high-band mode. These discrepancies are caused by fabrication inaccuracies, lossy properties of the KCl solution that are unaccounted in CST, and the limitations of the anechoic chamber. However, the operating bands are maintained, and high stable gain is achieved for the two bands. Table IV summarizes the characteristics of the two modes. • deviation for the high-band mode. The simulated cross-polarization patterns of the antenna are also included in figures. It is observed that similar to the common Vivaldi antennas, the H-plane cross-polarization level is low, about −40 dB, while that of the E plane is relatively high, about −15 dB.
VI. CONCLUSION
A low-cost reconfigurable Vivaldi antenna is proposed in this letter. The reconfiguration is achieved by introducing ionized water fluid switch on the back-slot of a Vivaldi antenna. Two mol KCl water solution is used as the conductive fluid, demonstrating that ionized water can be applied to reconfigurable designs in addition to those expensive materials such as EGaIn or Galinstan. Moreover, the fluid-switched Vivaldi antenna prototype presented in this letter demonstrates to be an alternative method for a conventional RF switch by a fluid switch achieving good performance under regular operating conditions, i.e., temperature above 0
• C and below boiling point. This fluid switch can be suitable in many other designs providing easy continuously frequency tuning.
